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(57) ABSTRACT

A method includes forming a multilayered structure by pro-
viding a substrate having a semiconductor layer disposed on
a top surface thereof, the semiconductor layer containing
misfit dislocations and associated threading dislocations. The
method further includes depositing a tensile strained dielec-
tric layer on a top surface of the semiconductor layer to induce
a compressive strain in the semiconductor layer and anneal-
ing the multilayered structure to cause the misfit dislocations
and associated threading dislocations to propagate within the
semiconductor layer. The method further immobilizes the
propagating misfit dislocations and associated threading dis-
locations in a predetermined portion of the semiconductor
layer. A multilayered structure formed by the method is dis-
closed wherein a semiconductor layer contains misfit dislo-
cations and associated threading dislocations that are immo-
bilized within a predetermined portion of the semiconductor
layer, where other portions of the semiconductor layer sur-
rounding the predetermined portion are locally strain relaxed
portions.

14 Claims, 7 Drawing Sheets
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1
STRUCTURE AND METHOD TO FORM
LOCALIZED STRAIN RELAXED SIGE
BUFFER LAYER

TECHNICAL FIELD

The embodiments of this invention relate generally to
semiconductor devices and fabrication techniques and, more
specifically, relate to the fabrication of semiconductor tran-
sistor devices including FINFETs. The embodiments also
relate to the localized removal of threading dislocations in a
layer of semiconductor material, such as SiGe, on a lattice-
mismatched substrate.

BACKGROUND

FIG. 1A shows an enlarged cross-sectional view (not to
scale) of a semiconductor substrate, e.g., a Silicon substrate
10, having an overlying layer of semiconductor material, e.g.,
an epitaxially deposited SiGe epilayer or film 12. The SiGe
epilayer 12 can be referred to as a buffer layer. A problem that
currently exists relates to a presence of threading dislocations
(4) within the SiGe buffer layer 12.

FIG. 1B depicts the presence of the threading dislocations
that arise from a presence of misfit dislocations that exist at
the interface of the substrate surface and a bottom surface of
the SiGe epilayer. In this example the substrate 10 is a
Si{100} layer and the threading dislocations exist in the SiGe
epilayer and extend towards and to the top surface of the SiGe
epilayer.

Some problems that are associated with the threading dis-
locations (4) include the use of thick (e.g., about a few
microns or greater) SiGe buffer layer thickness (1); a rough
surface (2) due to the presence of a cross hatch pattern that
arises as a result of the threading dislocations; only a partial
relaxation (3) of the strain (degree of strain relaxation
<100%); and a high threading dislocation density. These
problems can negatively affect the growth of further layers on
the SiGe buffer layer 12 and can adversely impact the quality
of semiconductor devices that are subsequently formed.

SUMMARY

In a first aspect thereof the embodiments of this invention
provide a method that comprises forming a multilayered
structure by providing a substrate having a semiconductor
layer disposed on a top surface thereof, the semiconductor
layer containing misfit dislocations and associated threading
dislocations. The method further comprises depositing a ten-
sile strained dielectric layer on a top surface of the semicon-
ductor layer to induce a compressive strain in the semicon-
ductor layer and annealing the multilayered structure to cause
the misfit dislocations and associated threading dislocations
to propagate within the semiconductor layer. The method
further immobilizes the propagating misfit dislocations and
associated threading dislocations in a predetermined portion
of the semiconductor layer.

In another aspect thereof the embodiments of this invention
provide a multilayered structure that comprises a substrate
having a semiconductor layer disposed on a top surface
thereat and a tensile strained dielectric layer disposed on a top
surface of the semiconductor layer. In the multilayered struc-
ture the semiconductor layer contains misfit dislocations and
associated threading dislocations that are immobilized within
a predetermined portion of the semiconductor layer, where
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other portions of the semiconductor layer surrounding the
predetermined portion are locally strain relaxed portions.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1A shows an enlarged cross-sectional view (not to
scale) of a semiconductor substrate having an overlying layer
of semiconductor material that contains threading disloca-
tions.

FIGS. 1B and 2 each depict and are useful when explaining
the presence of the threading dislocations that arise from a
presence of misfit dislocations.

FIGS. 3-17 are each an enlarged cross-sectional view (not
to scale) of structures that are employed to realize the various
embodiments of this invention, where

FIG. 3 shows a Si,_Ge_ film layer (epilayer) disposed on a
surface of a Silicon substrate;

FIG. 4 shows a tensile stressed SiN layer disposed on top of
the SiGe layer of FIG. 3;

FIG. 5 depicts the structure of FIG. 4 after annealing to
enhance the strain relaxation of the SiGe layer and cause a
propagation of the misfit dislocation and the associated
threading dislocations;

FIG. 6 shows a result of an additional anneal to further
enhance the strain relaxation and anneal out the threading
dislocations, thereby resulting in a thin, strain relaxed SiGe
buffer layer;

FIG. 7 illustrates a tensile SiN patterning and annealing
embodiment and shows the patterning of the SiN layer to
form an aperture;

FIG. 8 shows a result of annealing the structure of FIG. 7 to
cause the misfit dislocations to propagate with the associated
threading dislocations, and the trapping of the propagating
misfit and threading dislocations in that portion of the SiGe
layer that underlies the aperture where no tensile stress is
applied;

FIG. 9 illustrates the structure of FIG. 8 after removal of the
SiN layer, where locally strain relaxed regions can be used as
active device fabrication regions;

FIG. 10 illustrates a dual stress liner patterning (tensile and
compressive) and annealing embodiment, and shows a result
of deposition of the tensile silicon nitride layer with the aper-
ture (as in FIG. 7), followed by deposition of a compressive
silicon nitride layer over the tensile silicon nitride layer and
into the aperture;

FIG. 11 shows the selective removal of the compressive
silicon nitride layer except for within the aperture;

FIG. 12 shows the result of annealing the structure of FI1G.
11 to cause the misfit dislocations to propagate, with the
associated threading dislocations, into the region of the SiGe
layer that underlies the aperture where they are immobilized;

FIG. 13 shows the structure of FIG. 12 after removal of the
tensile SiN layer and the compressive SiN layer, where the
locally strain relaxed regions can be used as active device
fabrication regions;

FIG. 14 illustrates a tensile SiN patterning, implantation
and annealing embodiment, and shows a result of the depo-
sition of the tensile silicon nitride layer with the aperture as in
FIG. 7,

FIG. 15 shows an ion implant operation where ions are
implanted into the SiGe layer through the aperture;

FIG. 16 shows the result of annealing the structure of FI1G.
15 to cause the misfit dislocations to propagate, with the
associated threading dislocations, into the implanted region
of the SiGe layer that underlies the aperture where they are
immobilized; and
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FIG. 17 illustrates, after removal of the SiN layer, that the
locally strain relaxed regions can be used as the active device
fabrication regions.

DETAILED DESCRIPTION

The word “exemplary” is used herein to mean “serving as
an example, instance, or illustration” Any embodiment
described herein as “exemplary” is not necessarily to be con-
strued as preferred or advantageous over other embodiments.
All of the embodiments described in this Detailed Descrip-
tion are exemplary embodiments provided to enable persons
skilled in the art to make or use the invention and not to limit
the scope of the invention which is defined by the claims.

The terms “epitaxial growth and/or deposition” and “epi-
taxially formed and/or grown” mean the growth of a semi-
conductor material on a deposition surface of a semiconduc-
tor material, in which the semiconductor material being
grown has the same crystalline characteristics as the semi-
conductor material of the deposition surface. In an epitaxial
deposition process, the chemical reactants provided by source
gases are controlled and the system parameters are set so that
the depositing atoms arrive at the deposition surface of the
semiconductor substrate with sufficient energy to move
around on the surface and orient themselves to the crystal
arrangement of the atoms of the deposition surface. There-
fore, an epitaxial semiconductor material has the same crys-
talline characteristics as the deposition surface on which it is
formed. For example, an epitaxial semiconductor material
deposited on a {100} crystal surface will take on a {100}
orientation. In some embodiments, epitaxial growth and/or
deposition processes are selective to forming on semiconduc-
tor surface, and do not deposit material on dielectric surfaces,
such as silicon dioxide or silicon nitride surfaces.

Examples of various epitaxial growth process apparatuses
that are suitable for use in implementing the embodiments of
this invention include, but are not limited to, rapid thermal
chemical vapor deposition (RTCVD), low-energy plasma
deposition (LEPD), ultra-high vacuum chemical vapor depo-
sition (UHVCVD), atmospheric pressure chemical vapor
deposition (APCVD) and molecular beam epitaxy (MBE).
The temperature for an epitaxial deposition process typically
ranges from about 550° C. to about 900° C. Although higher
temperature typically results in faster deposition, the faster
deposition may result in crystal defects and film cracking.

Referring again to FIGS. 1A and 1B, in addition to FIG. 2,
the misfit dislocations need to propagate in order to enhance
strain relaxation. It is also important to reduce the threading
dislocation density in the SiGe film 12. However, the propa-
gation of the misfit dislocations will be suppressed due to
reduction of residual stress in the SiGe film 12, resulting in
end parts of the misfit dislocations becoming “stuck” as
threading dislocation components.

In accordance with one non-limiting aspect of this inven-
tion the propagation of misfit dislocations can be enhanced by
applying additional stress into the SiGe film 12 that is induced
from external material. It can be shown that compressive
stress is a driving force for the propagation of misfit disloca-
tions in the SiGe film 12.

In accordance with non-limiting aspects of this invention,
and referring to FIG. 3, a process starts with blanket epitaxial
growth to form a Si,_, Ge, film layer (epilayer) 30 on a surface
of a Silicon substrate 20. The Si, ,Ge, layer 30 could have a
Ge percentage of, for example, 20%-40% (i.e., x=0.2 t0 0.4),
and could have a thickness in a range of, by example only,
about 250 nm, or thinner, to about 1000 nm, or thicker. The
above-described misfit dislocations and threading disloca-
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tions will be present in the Si;  Ge, layer 30. In other embodi-
ments the epilayer 30 could be a Silicon layer or a Germanium
layer or a Group III-V layer.

Referring to FIG. 4, on top of the SiGe layer 30 a tensile
stressed SiN layer or film 40 is deposited. The SiN layer 40
could have a thickness in a range of, for example, 10 nm to
several um, depending at least in part on the amount of strain
that exists in the SiGe layer 30 as deposited. The tensile
stressed SiN layer 40 induces compressive stress in the SiGe
layer 30.

Various techniques to deposit, such as by chemical vapor
deposition (CVD), stressed (tensile or compressive) SiN
films are known in the art. In general, the type and amount of
stress can be set by adjusting the Si/N relative concentrations
and growth and/or substrate temperatures.

Referring to FIG. 5, the structure formed thus far is
annealed to enhance the strain relaxation and cause a propa-
gation of the misfit dislocation and the associated threading
dislocations. The reduction in the compressive force in the
SiGe layer 20 is proportional to the misfit dislocation propa-
gation.

Referring to FIG. 6, an additional anneal can be performed
to enhance strain relaxation and anneal out the threading
dislocations. The end result is the formation of a thin, strain
relaxed SiGe buffer layer 30 with a smooth surface, a high
degree of strain relaxation and a low threading dislocation
density. The SiN layer 40 can then be removed and fabrication
processing can continue as desired.

These and other anneal steps referred to herein can be
accomplished, as non-limiting examples, at a temperature in
arange of about 800° C. to about 1100° C. (depending on the
Ge percentage) for a period of time in a range of about 10
seconds to about 10 minutes.

Various additional embodiments can be adapted from the
embodiment shown in FIGS. 3-6 to form the localized thin
strain relaxed SiGe buffer layer structure. These include, as
described below, the use of tensile SiN patterning and anneal-
ing, dual stress liner patterning (tensile and compressive) and
annealing; and tensile SiN patterning, implantation and
annealing.

The tensile SiN patterning and annealing embodiment will
be described first. Processing begins in a manner compatible
with the steps shown in FIGS. 3 and 4. FIG. 7 shows a result
of'the patterning of the SiN layer 40 and the selective removal
of'a portion of the SiN layer 40 to form an aperture 40A that
exposes a portion of the top surface of the SiGe layer 30. Note
that FIG. 7 shows a plurality of misfit dislocations and asso-
ciated threading dislocations in the SiGe layer 30.

In other embodiments the top surface of the SiGe layer 30
could be masked where the aperture 40A is desired, the SiN
layer 40 deposited, and then the mask and the overlying SiN
material could be removed (lifted-off) to expose the surface of
the SiGe layer 30 and form the aperture 40A.

FIG. 8 shows the result of annealing the structure as in F1G.
5 to cause the misfit dislocations to propagate with the asso-
ciated threading dislocations. In that portion of the SiGe
epilayer 30 that underlies the aperture 40 A, i.e., in that portion
where no tensile stress is applied and thus no compressive
stress exists, the propagating misfit and threading disloca-
tions will become trapped (immobilized). In the surrounding
SiGe layer 30 there will exist locally strain relaxed regions.

As is shown in FIG. 9, after removal of the SiN layer 40 the
locally strain relaxed regions can be used as active device
fabrication regions wherein transistors (e.g., P-type and
N-type FINFETs) are formed. The threading dislocation trap-
ping region of the SiGe layer 30 can also be used if desired but
preferably for purposes other than active device fabrication.
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For example, a layer of oxide or nitride could be applied over
the threading dislocation trapping region and components/
structures, such as capacitors and/or interconnects, could be
formed on or in the oxide or nitride layer. In another embodi-
ment the threading dislocation trapping region could be
placed in a region where the wafer will be scribed (cut) to
separate the wafer into sub-wafers (e.g., individual die).

The dual stress liner patterning (tensile and compressive)
and annealing embodiment will now be described. Processing
begins in a manner compatible with the steps shown in FIGS.
3 and 4. FIG. 10 shows a result of the deposition of the tensile
silicon nitride layer 40 with the aperture 40A (as in FIG. 7),
followed by the deposition of a compressive silicon nitride
layer 50 over the tensile silicon nitride layer 40 and into the
aperture 40A.

FIG. 11 shows the selective removal of the compressive
silicon nitride layer 50 except for within the aperture 40A
region.

FIG. 12 shows the result of annealing the structure as in
FIG. 5 to cause the misfit dislocations to propagate with the
associated threading dislocations. In that portion of the SiGe
substrate 30 that underlies the compressive silicon nitride
layer 50 has a compressive stress applied thereto and as a
result the propagating misfit and threading dislocations will
become trapped (immobilized) in this portion. In the sur-
rounding SiGe layer 30 there will exist the locally strain
relaxed regions.

As is shown in FIG. 13, after removal of the SiN layer 40
and the compressive SiN layer 50, the locally strain relaxed
regions can be used as the active device fabrication regions.
As was discussed above with respect to FIG. 9, the threading
dislocation trapping region of the SiGe layer 30 can also be
used if desired for purposes other than for active device fab-
rication.

The tensile SiN patterning, implantation and annealing
embodiment will now be described. Processing begins in a
manner compatible with the steps shown in FIGS. 3 and 4.
FIG. 14 shows a result of the deposition of the tensile silicon
nitride layer 40 with the aperture 40A (as in FIG. 7).

FIG. 15 shows an ion implant operation. The ions, such as
Nitrogen, Oxygen, Phosphorous or, most preferably, Carbon,
are implanted into the SiGe layer 30 through the aperture
40A. In some embodiments the surrounding layer of SiN 40
can serve as a self-aligned implant mask for the implanted ion
species. The use of Carbon is preferred as it is desirable to
prevent excessive implant damage and Carbon serves as an
effective interstitial implant species for SiGe.

FIG. 16 shows the result of annealing the structure as in
FIG. 5 to cause the misfit dislocations to propagate with the
associated threading dislocations. In that portion of the SiGe
substrate 30 that was implanted the propagating misfit and
threading dislocations will become trapped (immobilized). In
the surrounding SiGe layer 30 there will exist the locally
strain relaxed regions.

FIG. 17 illustrates, after removal of the SiN layer 40, that
the locally strain relaxed regions can be used as the active
device fabrication regions. As was discussed above with
respect to FI1G. 9, the threading dislocation trapping region of
the SiGe layer 30, which also contains the implanted ion
species, can be used if desired for purposes other than for
active device fabrication.

It is noted that any one of the structures shown in FIGS.
3-17 could be viewed as an intermediate structure formed
during the overall process of providing FINFETs and other
active and/or passive devices.

It is to be understood that although the exemplary embodi-
ments discussed above with reference to FIGS. 3-17 can be
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6

used with common variants of the FET device including, e.g.,
FET devices with multi-fingered FIN and/or gate structures
and FET devices of varying gate width and length.

Moreover, transistor devices can be connected to metalized
pads or other devices by conventional ultra-large-scale inte-
gration (ULSI) metalization and lithographic techniques.

Integrated circuit dies can be fabricated with various
devices such as a field-effect transistors, bipolar transistors,
metal-oxide-semiconductor transistors, diodes, resistors,
capacitors, inductors, etc., having contacts that are formed
using methods as described herein. An integrated circuit in
accordance with the present invention can be employed in
applications, hardware, and/or electronic systems. Suitable
hardware and systems in which such integrated circuits can be
incorporated include, but are not limited to, personal comput-
ers, communication networks, electronic commerce systems,
portable communications devices (e.g., cell phones), solid-
state media storage devices, functional circuitry, etc. Systems
and hardware incorporating such integrated circuits are con-
sidered part of this invention. Given the teachings of the
invention provided herein, one of ordinary skill in the art will
be able to contemplate other implementations and applica-
tions of the techniques of the invention.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

As such, various modifications and adaptations may
become apparent to those skilled in the relevant arts in view of
the foregoing description, when read in conjunction with the
accompanying drawings and the appended claims. As but
some examples, the use of other similar or equivalent semi-
conductor fabrication processes, including deposition pro-
cesses and material removal processes may be used by those
skilled in the art. Further, the exemplary embodiments are not
intended to be limited to only those semiconductor materials,
layer thicknesses, implant species and the like that were spe-
cifically disclosed above. Any and all such and similar modi-
fications of the teachings of this invention will still fall within
the scope of this invention.

What is claimed is:

1. A method, comprising:

forming a multilayered structure by providing a substrate

having a semiconductor layer disposed on a top surface
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thereof, the semiconductor layer containing misfit dis-
locations and associated threading dislocations, and
depositing a tensile strained dielectric layer on a top
surface of the semiconductor layer to induce a compres-
sive strain in the semiconductor layer;
annealing the multilayered structure to cause the misfit
dislocations and associated threading dislocations to
propagate within the semiconductor layer; and

immobilizing the propagating misfit dislocations and asso-
ciated threading dislocations in a predetermined portion
of the semiconductor layer;

further comprising forming an aperture in the tensile

strained dielectric layer and filling the aperture with
compressively strained dielectric material, where the
predetermined portion of the semiconductor layer is a
portion that underlies the aperture that is filled with the
compressively strained dielectric material.

2. The method of claim 1, where the semiconductor layeris
comprised of at least one of Si, Ge, SiGe and a Group I1I-V
semiconductor material.

3. The method of claim 1, where the tensile strained dielec-
tric layer is comprised of Silicon Nitride.

4. The method of claim 1, further comprising removing the
tensile strained dielectric layer from the top surface of the
semiconductor layer.

5. The method of claim 1, where portions of the semicon-
ductor layer that surround the predetermined portion are
locally strain relaxed portions and define active device fabri-
cation regions.

6. The method of claim 5, further comprising forming at
least one of non-active components and interconnects in and
above the predetermined portion of the semiconductor layer.

7. The method of claim 5, further comprising scribing the
substrate and semiconductor layer through the predetermined
portion of the semiconductor layer.
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8. A method, comprising:

forming a multilayered structure by providing a substrate
having a semiconductor layer disposed on a top surface
thereof, the semiconductor layer containing misfit dis-
locations and associated threading dislocations, and
depositing a tensile strained dielectric layer on a top
surface of the semiconductor layer to induce a compres-
sive strain in the semiconductor layer;
annealing the multilayered structure to cause the misfit
dislocations and associated threading dislocations to
propagate within the semiconductor layer; and

immobilizing the propagating misfit dislocations and asso-
ciated threading dislocations in a predetermined portion
of the semiconductor layer;

further comprising forming an aperture in the tensile

strained dielectric layer and implanting Carbon ions into
the semiconductor layer through the aperture, where the
predetermined portion of the semiconductor layer is a
Carbon implanted portion that underlies the aperture.

9. The method of claim 8, where the semiconductor layer is
comprised of at least one of Si, Ge, SiGe and a Group I1I-V
semiconductor material.

10. The method of claim 8, where the tensile strained
dielectric layer is comprised of Silicon Nitride.

11. The method of claim 8, further comprising removing
the tensile strained dielectric layer from the top surface of the
semiconductor layer.

12. The method of claim 8, where portions of the semicon-
ductor layer that surround the predetermined portion are
locally strain relaxed portions and define active device fabri-
cation regions.

13. The method of claim 12, further comprising forming at
least one of non-active components and interconnects in and
above the predetermined portion of the semiconductor layer.

14. The method of claim 12, further comprising scribing
the substrate and semiconductor layer through the predeter-
mined portion of the semiconductor layer.
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